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Reactions of chloramine, NH2Cl, with HO
2, RO2 (R 5 CH3, CH3CH2, CH3CH2CH2, C6H5CH2,
CF3CH2), F
2, HS2, and Cl2 have been studied in the gas phase using the selected ion flow tube
technique. Nucleophilic substitution (SN2) at nitrogen to form Cl
2 has been observed for all
the nucleophiles. The reactions are faster than the corresponding SN2 reactions of methyl
chloride; the chloramine reactions take place at nearly every collision when the reaction is
exothermic. The thermoneutral identity SN2 reaction of NH2Cl with Cl
2, which occurs
approximately once in every 100 collisions, is more than two orders of magnitude faster than
the analogous reaction of CH3Cl. The significantly enhanced SN2 reactivity of NH2Cl is
consistent with a previous theoretical prediction that the barrier height for the SN2 identity
reaction at nitrogen is negative relative to the energy of the reactants, whereas this barrier
height for reaction at carbon is positive. Competitive proton abstraction to form NHCl2 has
also been observed with more highly basic anions (HO2, CH3O
2, and CH3CH2O
2), and this
is the major reaction channel for HO2 and CH3O
2. Acidity bracketing determines the heat of
deprotonation of NH2Cl as 374.4 6 3.0 kcal mol
21. (J Am Soc Mass Spectrom 2001, 12,
139–143) © 2001 American Society for Mass Spectrometry
Nucleophilic substitution (SN2) reactions at aformally neutral nitrogen have received re-newed interest in the last decade because of
their synthetic, biochemical, and theoretical importance.
SN2 reactions at nitrogen have been used as a conve-
nient synthetic path to the formation of C–N bonds [1,
2]. The reactions have also been recognized to play a
significant role in carcinogenesis [3, 4]. Theoretical
studies have shown both similarities and differences
between SN2 reactions at nitrogen and those at carbon
[5–9].
Although the SN2 process at carbon centers may be
one of the most extensively studied chemical transfor-
mations [8, 10, 11] both experimentally and theoreti-
cally, mechanisms of nucleophilic displacement at ni-
trogen remain poorly understood. Experimental studies
in solution [12–14] and computational studies [5–9]
have now reached a consensus that SN2 is indeed the
dominant mechanism for nucleophilic displacement at
nitrogen. Using double labeling experiments, Beak and
Li [14] inferred the existence of a classical SN2 transition
state at a nitrogen substrate in the liquid phase. Theo-
retical studies of Bu¨hl and Schaefer support the exis-
tence of conventional backside SN2 transition state
structures in reaction (1) [5, 6], and Minyaev and Wales
discussed the topology of the potential energy surface
in detail for X 5 Y 5 F [7]:
X2 1 H2NY3 [X 2 NH2 2 Y]
2‡3 XNH2 1 Y
2
(1)
For identity SN2 reactions with halogen substituents
(X 5 Y 5 F, Cl, Br, I), a more recent high-level compu-
tational study of Glukhovtsev et al. [8] predicts that the
overall barrier heights, i.e., the SN2 transition state
energies relative to the reactants, are lower for reactions
with NH2Y than for the corresponding reactions with
CH3Y. Moreover, reactions at nitrogen are predicted to
have negative barriers for all halogens, in contrast to the
reactions at carbon where the barrier is negative only
for fluorine. These studies suggest that SN2 reactions at
nitrogen may be more facile than those at carbon [8].
Liu et al. theoretically compared the SN2 barrier heights
for X 5 Y 5 Cl in the gas phase and in solution (sol-
vated by dimethyl ether) [9].
These theoretical predictions can be directly tested in
the gas phase where solvent effects are absent. How-
ever, to our knowledge, no experimental data are
available for the gas-phase kinetics of nucleophilic
substitution reactions at nitrogen centers. In the present
study we investigate the SN2 reactions of chloramine
(NH2Cl) with several anionic nucleophiles, including
the identity substitution reaction with Cl2. The reactiv-
ities are compared with our previous results on the SN2
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reactions with CH3Cl [15–17]. Competitive proton
transfer processes, which have been of additional theo-
retical interest [6], are also examined for chloramine.
Experimental
Preparation of Reactant Anions and Chloramine
The tandem flowing afterglow-selected ion flow tube
(FA-SIFT) instrument was employed for these studies.
Details of the instrument design and general proce-
dures for rate measurements have been described else-
where [18]. Precursor reagents for the anions were
obtained commercially and used without further puri-
fication. Hydroxide ion was generated in the source
flow tube by dissociative electron attachment to N2O to
form O2, which then reacts with CH4. Alkoxides
(CH3O
2, CH3CH2O
2, CH3CH2CH2O
2, C6H5CH2O
2,
and CF3CH2O
2) were prepared in the same flow tube
by allowing the hydroxide anion to abstract a proton
from the corresponding alcohols. F2, HS2, and Cl2
were prepared by reacting hydroxide ion with NF3, CS2,
and CHCl3, respectively. The reactant anions were mass
selected with a quadrupole mass filter and injected
through a Venturi inlet into the reaction flow tube. Both
35Cl2 and 37Cl2 were used for the studies of Cl2 1
NH2Cl. The injected anions were thermalized at 300 K
by collisions with helium buffer gas in the flow tube
prior to undergoing reaction with chloramine.
Anhydrous chloramine is an extremely hazardous
(toxic and explosive) and unstable (decomposes at
250 °C) compound [19]. Therefore, it was prepared in
situ in an aqueous solution according to the modified
Raschig method [12, 20]: Aqueous ammonia (30%) and
a solution of sodium hypochlorite (11%–13% available
chlorine), both chilled to 218 °C, were mixed in a 1:4
ratio by volume (a slight excess of hypochlorite) in an
ice/NaCl bath. The resulting fresh solution of chlora-
mine (10 mL, ’3 M; kept in an ice/water bath at 0 °C)
was immediately used for experiments; the equilibrium
headspace vapor over the solution was introduced into
the reaction flow tube as the reagent gas to react with
the mass-selected anions.
Measurement of Rate Coefficients
Reactant and product ions were monitored with a
detection quadrupole mass filter coupled with an elec-
tron multiplier. Bimolecular rate coefficients were mea-
sured at 300 K by monitoring the kinetic decay of a
reactant ion signal due to the reaction with chloramine,
which was added through a manifold of inlets along the
flow tube to vary the reaction time [18]. For the identity
SN2 reaction of
37Cl2 (or 35Cl2) with the naturally
occurring mixture NH2
35Cl/NH2
37Cl, only the displace-
ment of 35Cl2 (or 37Cl2) contributes to the kinetic decay.
The hidden channel to displace the same isotopomer
has been taken into account in the analysis according to
the procedure reported previously [15].
Use of the aqueous chloramine solution as the re-
agent source requires additional precautions in the rate
measurements. First, a fresh solution of chloramine
provides a steady flow of NH2Cl for no longer than 2–3
h and a series of measurements must be completed in
this time span. New solutions were prepared for re-
peated measurements. Rate coefficients thus obtained
were found to be reproducible to within 20% when the
procedures of sample preparation are carefully fol-
lowed.
Secondly, ammonia and water vapor are the major
constituents in the headspace gas. Under the present
experimental conditions, it is found that these species
do not chemically interfere with the reactions studied
(except for reactions of CH3CH2CH2O
2 and
C6H5CH2O
2 as discussed below). However, they act as
an inert ballast that dilutes the gaseous chloramine
concentration, thereby apparently reducing the reaction
rates. Thus, given the unknown but steady flow rate of
chloramine, rate coefficients were measured for the
series of nucleophiles (including HO2) using the same
solution of NH2Cl. The raw rates were then scaled to
the theoretical collision rate for the reaction with HO2
(3.33 3 1029 cm3 s21) [21]. For NH2Cl, the polarizability
is estimated as 4.15 3 10224 cm3 according to the pro-
cedure of Miller and Savchik [22] and the permanent
dipole moment is evaluated as 2.3 D using the CBS-Q
calculations [23]. It was determined that the reaction of
HO2 with NH2Cl is the most efficient of those studied
and proceeds primarily via proton transfer with an
exothermicity of about 16 kcal mol21. Exothermic pro-
ton transfer reactions involving localized anions, such
as those in the present study, are generally known to
occur at nearly every collision [24]. The assumption that
the HO2 1 NH2Cl reaction proceeds at the collision
rate is thus reasonable.
The measured raw rate coefficients are reproducible
to within 20% (see above). However, taking into ac-
count the uncertainties associated with the above as-
sumption and possible fluctuation of the chloramine
concentration in the course of experiments, we conser-
vatively place the absolute error bars for the scaled rate
coefficients at 650%. This treatment does not affect the
qualitative discussions in this work.
In addition to the rate coefficients, product yields
due to the SN2 (Cl
2) and proton abstraction (NHCl2)
channels were measured as a function of the reactant
inlet position, i.e., the reaction time equivalent. The
product branching ratios were determined after correc-
tion for mass discrimination in the detection quadru-
pole mass filter system. The branching ratios were
extrapolated to zero reaction time to eliminate the
effects of secondary reactions and differential diffusion
loss. Error bars for the branching ratios are 65% or
smaller.
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Results and Discussion
Overall Reaction Efficiency
The anionic nucleophiles (Nu2) studied in this work
have different chemical properties but they are all
localized anions with DHacid for the conjugate acids
ranging from 334 to 391 kcal mol21 [25]. Table 1
summarizes the experimental results for the reactions of
NH2Cl, including the scaled rate coefficients, reaction
efficiencies, and product branching ratios. The rate
coefficients for CH3CH2CH2O
2 and C6H5CH2O
2 could
not be quantified because of concurrent, rapid cluster-
ing reactions with water. However, the efficiency of
alkoxide anion clustering is known to be highly size
dependent [26], and clustering of smaller anions was
found to be insignificant (typically ,5%) under the
present experimental conditions.
The reaction efficiency is defined as the ratio of the
rate coefficient to the parametrized trajectory collision
rate [21], and those for selected anions are displayed in
Figure 1. Reaction efficiencies of chloramine are gener-
ally high; they are more than half the collision rate for
most nucleophiles except for the least basic Cl2. In
addition, they increase systematically with increasing
basicity of the reactant anion. For the same nucleophile,
the reaction efficiency of NH2Cl is higher than that of
CH3Cl (Figure 1).
Proton Transfer Reactions
Figure 2 illustrates the fraction of the proton-transfer
(PT) product as a function of the nucleophile basicity.
Although many anions produce mainly or exclusively
the SN2 product (
35Cl2 : 37Cl2 5 3 : 1), the two most basic
anions HO2 and CH3O
2 primarily abstract a proton from
NH2Cl to produce NHCl
2 (m/z 50 : m/z 52 5 3 : 1). Hy-
droxide and methoxide anions are obviously more basic
than NHCl2. It has been theoretically proposed for the
reaction of NH2Cl with HO
2 that proton transfer can be
an important process that competes with SN2 displace-
ment [6]. For the less basic CH3CH2O
2 anion, the proton-
transfer channel accounts for a smaller but significant
fraction (;20%) of the products. Because the overall
efficiency (PT 1 SN2) is nearly saturated at unity, we
conclude that the proton transfer with ethoxide is also an
efficient process and assign ethoxide [DHacid(C2H5OH) 5
377.4 kcal mol21] as being more basic than NHCl2.
Theory predicts that the most stable ion–dipole
complex derived from the reactants is structure 1 with
the nucleophile attached to one of the hydrogen atoms
of chloramine [5–9]. This structure correlates directly
with the proton-transfer products NuH 1 NHCl2 (eq
2) via a small transition state barrier [6]. Combined with
the localized nature of the anions involved, proton
transfer is expected to be efficient when the basicity of
Table 1. Reactions of NH2Cl with anionic nucleophiles in the gas phase
Nucleophile
DHacid
a
(kcal mol21)
Rate coefficientb
(1029 cm3 s21) Efficiencyc SN2/PT
d
HO2 390.8 3.33 1 0.20/0.80
CH3O
2 380.6 2.49 0.92 0.08/0.92
CH3CH2O
2 377.4 2.42 1.00 0.81/0.19
CH3CH2CH2O
2 376.0 e e 0.95/0.05
F2 371.3 2.85 0.89 1.00/0.00
C6H5CH2O
2 370.0 e e 1.0/0.0f
CF3CH2O
2 361.9 1.58 0.77 1.0/0.0f
HS2 351.2 1.62 0.61 1.00/0.00
Cl2 333.7 0.025 0.0097 1.00/0.00
aFor the conjugate acids [25].
bScaled to the collision rate of HO2 with NH2Cl (3.33 3 10
29 cm3 s21). Uncertainties are 650% (see the text).
cRatio of the rate coefficient to the parametrized trajectory collision rate [21].
dProduct branching ratio between proton transfer (PT) and chloride displacement (SN2) reaction channels.
eRate coefficient can not be quantified because of concurrent, rapid clustering with water.
fSmall amounts of proton-transfer product observed (NHCl2, ,5%) are due to impurity anions (see the text).
Figure 1. Comparative plots of the overall reaction efficiencies
for NH2Cl 1 Nu
2 (open square) and CH3Cl 1 Nu
2 (filled dia-
mond) vs. DHacid(NuH). Points correspond (from left to right) to
Cl2, HS2, CF3CH2O
2, F2, CH3CH2O
2 (for NH2Cl only), CH3O
2,
and HO2. Rate coefficients for CH3Cl are taken from [15, 16] and
normalized to the parametrized trajectory collision rates [21].
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the nucleophile exceeds that of NHCl2. It is noteworthy
that the fraction of proton transfer is larger for methox-
ide than for hydroxide although methoxide is less basic
(Figure 2). This can be explained by steric effects; the
bulkier CH3O
2 has less access to the tight SN2 transi-
tion state 2 than does HO2, leading to preferred disso-
ciation of complex 1 into the proton-transfer products.
Steric effects in the gas-phase SN2 reactions have been
conventionally observed for methyl chloride [16, 17, 27]
and also implied theoretically at nitrogen centers [6].
Small amounts of NHCl2 (,5%) have also been
observed in experiments with C6H5CH2O
2 and
CF3CH2O
2, which are even less basic. The formation of
NHCl2, however, is most likely due to impurity ions;
under the present SIFT injection conditions, these reac-
tant anions are found to undergo a minor extent (;15%)
of collision-induced dissociation (CID) to yield C6H5
2
and CF3
2, respectively. These CID products are suffi-
ciently basic [DHacid(C6H6) 5 400.7 and DHacid
(CHF3) 5 377.0 kcal mol
21] [25] to deprotonate NH2Cl.
This explanation is substantiated by the fact that F2,
which is more basic than C6H5CH2O
2 and CF3CH2O
2,
does not deprotonate NH2Cl at all. In view of the
marginally small amount of proton abstraction by
CH3CH2CH2O
2 (Figure 2), we assign HF (DHacid 5
371.3 kcal mol21) as the conservative lower bracket for
the acidity of chloramine.
The above bracketing experiment determines the
heat of deprotonation for chloramine as
DHacid(NH2Cl) 5 374.4 6 3.0 kcal mol
21 [28]. Within
the uncertainty limits, the measured value is in excel-
lent agreement with a theoretical prediction that chlo-
ramine is 16.9 kcal mol21 more acidic than water and
hence the value of DHacid is 373.9 kcal mol
21 [6].
Similarly, our CBS-Q model chemistry calculations [23]
predict DHacid to be 373.2 kcal mol
21.
SN2 Reactivity
A major goal of this study is to compare nitrogen and
carbon atoms as reactive centers for nucleophilic attack.
The efficiencies of the CH3Cl 1 Nu
2 reactions (Figure
1) correspond to the SN2 reactivities; none of the anions
shown is basic enough to deprotonate methyl chloride
[DHacid(CH3Cl) 5 399.6 kcal mol
21] [25]. The chlora-
mine system is less straightforward because the SN2
channel (eq 3) is intercepted by the proton-transfer
channel when the nucleophile basicity exceeds that of
NHCl2 (374.4 kcal mol21). Therefore, the SN2 fraction
dramatically decreases for reactions of nucleophiles that
are more basic than F2 (Figure 2). Because this behavior
is due to the onset of the proton transfer reaction after
the overall reaction efficiency has saturated, the effi-
ciencies in Figure 1 should reflect the expected SN2
reactivities of chloramine in the absence of competing
proton transfer. Not surprisingly, nucleophilic substitu-
tion is promoted as the nucleophile becomes more basic
and the reaction exothermicity increases. It is evident
that NH2Cl exhibits consistently higher SN2 reactivity
than does CH3Cl. Efficiencies of exothermic displace-
ment reactions of chloramine are close to unity for all
nucleophiles studied, whereas the SN2 reactions with
methyl chloride decrease sharply in rate when the
exothermicity falls below ;30 kcal mol21 [16]. Most
dramatically, the thermoneutral identity reaction
NH2Cl 1 Cl
2 (k 5 2.5 3 10211 cm3 s21) is about 700
times faster than CH3Cl 1 Cl
2 (k 5 3.5 3 10214 cm3
s21) [15], as measured using the FA-SIFT technique.
Computational studies have used different levels of
theory to predict the intrinsic and overall barriers for
identity SN2 reactions of NH2X 1 X
2. The intrinsic
barrier, defined as the energy difference between the
most stable complex 1 and the SN2 transition state 2,
was originally considered to be significantly higher at
nitrogen than at carbon for several nucleophiles (X 5 F
[5], X 5 F, Cl, HO, CN [6], and X 5 Cl [9]). However,
Glukhovtsev et al. have used G2(1) ab initio theory, the
highest level that has been applied to this problem.
Figure 2. Fraction of proton transfer, PT/(PT 1 SN2), in the
reactions of NH2Cl with Nu
2, in order of increasing DHacid(NuH):
Cl2, HS2, CF3CH2O
2, C6H5CH2O
2, F2, CH3CH2CH2O
2,
CH3CH2O
2, CH3O
2, and HO2.
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They conclude that nitrogen and carbon SN2 reactions
have surprisingly similar intrinsic barriers (within ’2
kcal mol21 of each other); the barriers at nitrogen are
slightly higher than the corresponding barriers at car-
bon for X 5 F and Cl and slightly lower for X 5 Br and
I [8]. The overall barrier, defined as the energy difference
between the reactants and SN2 transition state 2, is more
pertinent to the present kinetic study. This quantity is
determined by a subtle balance between the ion–dipole
stabilization energy and the intrinsic barrier and hence
has been more difficult to predict accurately. Although
the overall barrier was originally predicted to be posi-
tive at nitrogen (X 5 F, Cl, HO, CN [6] and X 5 Cl [9]),
Bu¨hl and Shaefer also noted for a specific case of F2 1
NH2F [5] that the barrier becomes negative when the
level of theory is increased. Using the G2(1) level of
theory, Glukhovtsev et al. [8] found indeed that the
overall barriers at nitrogen are negative for all halogens
(X 5 F, Cl, Br, I), whereas those at carbon are negative
only for X 5 F. For the specific case of chlorine, the overall
SN2 barrier for NH2Cl 1 Cl
2 is 22.2 kcal mol21, while
that for CH3Cl 1 Cl
2 is 12.7 kcal mol21 [8]. The latter
value for methyl chloride agrees with the recent, accepted
barrier height of 2.8 6 0.3 kcal mol21 [29]. Our present
study supports the prediction of Glukhovtsev et al. that
the SN2 reaction at nitrogen is more facile than at carbon.
Conclusions
Gas-phase reactions of chloramine with a variety of
nucleophiles have been studied. Nucleophilic substitu-
tion has been found to occur at nearly every collision
when the reaction is exothermic. The reactions are
significantly faster than those of methyl chloride. Most
dramatically, the identity SN2 reaction with Cl
2 is
about 700 times faster than the corresponding reaction
of CH3Cl with Cl
2. The experimental results have been
compared to previous theoretical predictions, support-
ing the high-level ab initio study that nucleophilic
substitution at nitrogen is more facile than at carbon.
For highly basic anions, proton transfer has been found
to be a competitive process to nucleophilic substitution.
The measured enthalpy of deprotonation for NH2Cl
(DHacid 5 374.4 6 3.0 kcal mol
21) agrees with theoret-
ically predicted values.
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